Abstract -The srnthesis and nuclear magnetic resonance (n.m.r.) spectroscopy of 5 N-labeled derivatives of 6-amino-6-deoxy-~ glucose, 6-amino-6-deoxy-~-galactose, and 5-amino-5-deoxy-~: ribose are reviewed. The-use of these derivatives in thecmeasurement of 15 N coupling constants, 15 N nuclear Overhauser effects, and 15 N spin-lattice relaxation times is described. Integration of the natural abundance 15 N n.m.r. spectra of aqueous solutions of the common 2-amino sugar hydrochlorides and their N-acetyl derivatives has given ratios of a and ß anomers for the equilibrated solutions that are in good agreement with published data from proton n.m.r., with the exception of 2-amino-2-deoxy-~-galactose hydrochloride, for which a discrepancy was noted.-The equilibria of this amino sugar in aqueous solution have been reinvestiyated by proton n.m.r. spectroscopy at 60 and 220 MHz, and:by 3 C n.m.r., and the a-pyranose anomer found to be predominant. Correlations of the 15 N chemical shifts with molecular structure and stereochemistry have been made.
INTRODUCTION
For the practising chemist, the development and wide utilization of the pulse-Fourier transform method (1) of nuclear magnetic resonance (n.m.r.) spectroscopy have had greatest impact on 13 C n.m.r. studies, so that spectra of good quality are now routinely and rapidly obtained from 13 C nuclei at natural abundance in a wide range of molecular species. The application of this greatly improved method of data acquisition to the nitrogen n.m.r. spectroscopy of bioorganic matetials has been much slower than for 13 C, due partly, perhaps, to the fact that the n.m.r. sensitivity of the 1~N and 15 N nuclei at constant field is some 15 times smaller than that of an equal nuinber of 13 C nuclei.
1~N resonances are often broadened by the electric quadrupole moment of this nucleus to the extent of 50-1000Hz (2), and although a detailed theoretical analysis of the line-broadening phenomenon can yield useful information (2), the low resolution HN spectra obtained have usually had li ttle appeal for the organic chemist. On the other hand, the low natural·abundance (0.365%) of the 15 N nucleus causes the relative n.m.r. sensitivit~ of this nucleus at natural abundance to be ~46 times smaller than that of 1 C, so that in a sense, 15 N n.m.r. can be said tobe 46 times more difficult than 13 C n.m.r. Fortunately, recent improvements in instrumentation have tended to alleviate the sensitivity disadvantage of 15 N. This nucleus (spin 1/2) has no quadrupole moment, and extremely narrow lines, for example,.of half-line width less than 0.1 Hz, may be obtained under suitable conditions. For diamagnetic nitrogen compounds, the range of nitrogen chemical shifts observed is approximately 900 p.p.m., and it has been stated that these shifts are particula:ly valuable for distinction of isomeric organic structures (2). There is avallable a large body of data on the nitrogen magnetic resonance parameters of simple organic and inorganic compounds (2) , that has been obtained br many different experimental techniques, including direct observation of 1 N and 15 N signals in the continuous wave or pulse-Fourier transform modes (using compounds in which 15 N is present at either natural abundance, or in high enrichment), and also indirect observation of nitro §en spe~tra by_mearls, of various double resonance techniques. The 1 ~N and 1 · N chem1cal sh1ft scales are now thought to be identical for all practical purposes, and the remarkable discrepancies between 1~N and 15 N shifts reported earlier have been explained as being due to non-uniformity of experimental conditions or simply to experimental errors (2).
From a general point of view, it is of interest to determine the utility of 1 sN magnetic resonance parameters in the structural, conformational and quantitative analysis of nitrogenaus carbohydrates. These substanc~s are imp?r~an~ components of man~ b~ological systems, including the aminoglycoside ant1b1ot1cs (3,4) and certa1n 1mmunochemical and antitumor polysaccharides (5). The 1 sN parameters that are potentially available include chemical s~ifts, coupling constants, spin-lattice (!1 ) and spin-spin (T 2 ) relaxation t1mes, nuclear Overhauser effects, and n.m.r. signal intensit1es. Relaxation times and nuclear Overhauser effects may be subdivided into contributions from various sources that provide further molecular information. Because of experimental difficulties, measurements of T2 have not been performed as frequently as those of !1· -Quantitative analysis of organic materials by pulse-Fourier transform 13 C n.m.r. spectrosco~r has sometimes been attended by difficulties caused by widely differing C relaxation times, different nuclear Overhauser effects, and inadequate digital definition of narrow resonances. Similar problems may be expected in the quantitative application of 1 sN n.m.r. spectroscopy, although methods are available for overcoming the difficulties. Relaxation times can be diminished and nuclear Overhauser effects removed (6) (7) (8) (9) (10) , by the addition of paramagnetic reagents to solutions, and, by suitable gating of decoupling frequencies, the nuclear Overhauser effect may be either retained in coupled spectra (11), or discarded from decoupled spectra (12). However, in cases of marginal signal:noise ratio, deliberate loss of the nuclear Overhauser effect may be undesirable.
Wehave applied 1 sN n.m.r. spectroscopy to the quantitative analysis of the pyranose anomers of amino sugars with the recognition that they probably represent the most favorable case, in that the structures of these anomers are extremely similar, and, therefore, their 1 sN nuclei may be expected to possess relaxation times that are of the same order, and also similar nuclear Overhauser effects. Additionally, the similarity of the chemical shifts of the 1 sN nuclei of the anomers would cause these nuclei to experience equal perturbations by the radiofrequency pulse. !SN n.m.r. spectroscopy has recently been applied (13) to quantitative analysis of the biosynthetic incorporation of 1-valine-1 sN into penicillin G by a high-producing strain of Penicillium chrysogenum. -SYNTHESIS AND SPECTROSCOPY OF 1 sN LABELED AMINO SUGAR DERIVATIVES In 1969, before equipment for implementation of the pulse-Fourier transform n.m.r. method was available to us, it appeared that one way of diminishing the sensitivity problern inherent in observation of the n.m.r. of 1 sN at natural abundance would be to synthesize derivatives labeled in high enrichment with the 1 sN isotope. Few examples of highly enriched amino sugar derivatives were known, possibly because many of the synthetic methods available had employed a large excess of the nitrogen-introducing reagent. Symmetrical multi-nitragen species such as hydrazine and azide ion are unsuitable, as double labeling would be necessary. An amino sugar synthesis of high-yield was desired that would require only one molecular equivalent of a commercially available, but relatively irrexpensive intermediate labeled in high enrichment with 1 sN. For this reason, the nucleophilic substitution reactions of terminal deoxyhalo and ?-tolylsulfonyl derivatives of carbohydrates with potassium phthalimide-s~ were investigated. Reactions that give 70-85% yields of crystalline deoxyphthalimido carbohydrate derivatives by the use of up to 1.3 molecular equivalents of potassium phthalimide-1 sN have been developed in the ~-glucofuranose (14,15), ~-galactopyranose (16), and ~-ribofuranoside series.
6-Amino-6-deoxy-D-glucose-6-1 sN derivatives Reactions of 1 2:3,5-di-0-isopropylldene-6-0-p-tolylsulfonyl-ac~-ylucofura nose or its 6-deoxy-6-iodo derivative with potassium phthalimide-5~ in hexamethylphosphorictriamide (HMP) afforded (14,15~ 6-deoxy-1,2:3,5-di-~-iso propylidene-6-phthalimido-a-~-gl ucofuranose-~-s~ ( 1 sN enrichment 99%) in yields of 81-84%. The N-phtlialoyl group was smoothly removed by treatment of the phthalimido derivative with hydrazine hydrate giving 6-amino-6-deoxy-1 2:3' 5-di-0-isopropylidene-a-~-glucofu ranose-6-1 sN, which was characterized , ' ---15 as its N-acetyl and N-(trifluoroacetyl) derivatives (14,15) . These Nlabeled-derivatives and their unlabeled e 4 N) analogs were studied ini tially by continuous wave proton, 13 C, and 19 F n.m.r. spectrosco~~· and bi 13 C Fourier transform techni~ues § and characteristic proton, C, and 9 F chemical shifts, and also 1 H-1 H, H-1 N, 1 H-19 F, 13 C-15 N, and 15 N-19 F coupling constants were reported and discussed in terms of molecular structure (17) . By the use of empirical expressions (18) relatiny 15 N coupling constants to bondorbital s-character, the magnitudes of th~ H-15 N and 13 C-15 N coupling constants of the amidederivatives of 6-amino-6-deoxy-1,2:3,5-di-0-isopropylidene-a.-!1-glucofuranose were used to infer a predominant contribution from the polarized canonical form of the amide bond in thesederivatives (17). The availability of 15 N-labeled 6-amino-6-deoxy-!1-glucose derivatives allowed detailed elucidations of the mass fragmentation pathways of these derivatives (15).
Indirect observation of 15 N n.m.r. s~ectra In cases where there is interaction 1n the form of spin-spin or dipole-dipole. coupling between the 15 N nucleus and a more sensitive nucleus (such as the proton), the difficulties of direct Observation of 15 N spectra may be avoided by using internuclear double resonance methods to observe these spectra indirectly, by monitaring the transitions of the more sensitive nucleus. This method was applied (17) to 6-deoxt-1,2:3,5-di-Q-isopropylidene-6-(trifluoroacetamido)-a.-!1-glucofuranose-6-1 N by holding the proton observing frequency constant ät the frequency-of Öne of the strong lines of the NH ~roton multiplet, whilst the double resonance frequency was swept through the 5 N region. The experiment was actually performed under both double and triple resonance conditions (17); in the latter case; a small coupling between the 19 F nuclei and the NH protonwas removed by simultaneaus irradiation at the 19 F frequency. Under the conditions of triple resonance, the 15 N spectrum (obtained indirectly as the response at the frequency of the NH proton transition) consisted of a wide doublet that contained the 15 N-1 H coupling constant of ~90 Hz. Good agreement between experimental and theoretical spectra was obtained (17). The key advantage of the indirect methodisthat the n.m.r. sensitivity of the more sensitive nucleus is utilized. However, this method is not general, in that it cannot be used unless the 15 N nucleus is coupled to another nucleus, by either spin-spin or dipole-dipole interaction.
6-Amino-6-deox~-D-galactose-6-15 N derivatives React1on of 1, :3,4-di-0-1sopropyl1dene-6-0-p-tolylsulfonyl-a.-D-galactopyranose with 1.3 molecular-equivalents of potassium phthalimide-1 !N in HMP at 170° gave a 70% yield of 6-deoxy-1,2:3,4-di-0-isopropylidene-6-phthalimidoa.-!1-galactopyranose-6-15N. Almost the same yield (64%) of 6-deoxy-6-phthalimido derivative was obtained from reactions of commercially available 
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6-deoxy-6-iodo-1,2:3,4-di-0-isopropylidene-a.-~-galactopyranose with potassium phthalimide in HMP at 1~0°, although integration of the proton n.m.r. spectrum (90 MHz) of the total product of the reaction indicated a 7:3 ratio, respectively, of the deoxyphthalimido derivative and a second compound that proved to be the elimination product, 6-deoxy~l,2:3,4-di-O-isopropylidene -arabino-hex-5-enopyranose.
In order to effect complete-conversion of the ~..-~~·
0
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6-p-tolylsulfonyl-and 6-deoxy-6-iodo-D-galactopyranose precursors, significantly higher temperatures and a slightly higher proportion of potassium phthalimide were necessary than for the D-glucofuranose analogs. The diminished reactivity of 6-0-sulfonylgalactopyranose derivatives towards nucleophiles other than phtnalimide ion has been noted previously (19) (20) (21) and explained in terms of polar, repulsive forces in the transition state (22).
Treatment of 6-deoxy-1,2:3,4-di-0-isopropylidene-6-phthalimido-a-D-galactopyranose-6-15~ with hydrazine hyarate tielded 6-amino-6-deoxy-1,2:3,4-di~O isopropylidene-a-~-galactopyranose-6-1 N, the non-enriched analog of whicn has been synthesized previously by other methods (23, 24) .
Me~j'9
Me ot-Me of the 5-deoxy-5-phthalimido derivative allowed measurement of the 13 C-15 N coupling constants 1 J13CH 2 ,,1sN 9.8, 1 J 13C=0, 1 sN 13.4, and 2 J1 3C-l' ,1sN 8.5 Hz.
These values are similar to those (9.8, 14.6, and 7.3 Hz, respectively) measured for 6-deoxy-1,2:3,5-di-0-isopropylidene-6-phthalimido-a-D-glucofuranose-6-15N, and afford confirmatory evidence for assignments of tfie 13 C spectra, In aadition to that provided by off-resonance decoupling or gated irradiation of protons.
Direct Observation of 15 N n.m.r. s~ectra The availability of the 15 N-labele aminosugarderivatives permitted the pulse power and pulse width of our n.m.r. spectrometer to be accurately optimized for the rapid pulsing mode prior to the more difficult direct observation of n.m.r. spectra of 15 N at natural abundance (16). This was especially important, as before·this work was commenced, the range of 15 N spin-lattice relaxation times likely to be encouritered in amino sugars was unknown. In.our earlier work (16), pulse-Fouriertransform 15 N n.m.r. spectra were obtained at 9.1 MHz from solutions of blocked amino sugarderivatives in 9:1 chloroform-d:hexafluorobenzene contained in 10 m.m. sample tubes, using heteronuclear field-frequency stabilization on the 19 F signal of the hexafluorobenzene. Only a small perturbation (flip angle) of the macroscopic magnetization vector was used, with no delay bet~een successive data acquisitions (rapid pulsing mode). Under the conditions of proton decoupling at 90 MHz, 15 N n.m.r. spectra of excellent signal:noise ratio could be obtained by application of a singlepulse to the fully blocked, 15 N-enriched amino sugarderivatives (16). However, appreciable signal averaging was required for spectra of 15 N at natural abundance. For example (16), 0.75 g of nonenriched 6-deoxy-1,2:3,4-di-Q-isopropylidene-6-~hthalimido-a-~-galactopyra nose required 8,192 pulses (112 min) to give a 5 N signal:noise ratio of 13:1. The 15 N chemical shifts measured for a group of blocked amino sugar derivatives are re·ported in Table 1 , .and it is apparent that the major differences in shifts are caused by the substituents on the nitrogen atoms. F~r.example, the shifts of the phthalimido derivatives are all quite s1m1lar to each other, but are markedly downfield of the amino nitrogen resonances. In these terminal amino sugar derivatives, the nitrogen nuclei are somewhat remote from the points of stereochemical and ring size differences in the molecules. The almost maximal value of the n.o.e. observed experimentally for the 6-deoxy-6-phthalimido derivative indicates that the predominant mechanism for spin-lattice relaxation of the 15 N nucleus in this compound is by nuclearnuclear, magnetic dipole-dipole .interaction with the protons. In order to characterize the n.o.e. more fully, a study was made of the effect of the chromium(III) acetylacetonate complex on the 15 N spectrum of the 6-deoxy-6-phtha~imido-Q-galacto derivative. This metal complex (CrAcAc) was used originally for shortening the long relaxation times of the carbonyl 13 C nuclei in metal carbonyls (9), "thus permitting the 1 3 C n.m.r. spectra of these compounds to be acquired readily by the pulse-Fourier transform method. The relaxation reagent-CrAcAc is known (10,27) to have at least two major effects: (a) it removes the n.o.e. by replacing nuclear-nuclear dipole-dipole interaction by electron-nuclear dipole-dipole interaction due to the unpaired electron density in the complex. Irradiation of the protons then produces no additional polarization of the 15 N nuclei; (b) spin-lattice relaxation times are drastically diminished because dipolar relaxation by the electron-nuclear mechanism is much more efficient than that by the nuclear-nuclear mechanism, owing to the large magnetic moment associated with the unpaired electron density. The effect of CrAcAc on the 15 N spectrum of the 6-deoxy-6-phthalimido-~-galacto derivative is illustrated in Fig. 1 and it may be seen that graaual increase of the CrAcAc concentration from zero ( Fig. la) to O.OSM (Fig. le) first causes the initial negative intensity of the 15 N resonance to diminish (Fig. lb) and invert ( Fig. lc) , which is followed then by an increase of the positive signal:noise ratio to a maximum limiting value. The change in signal:noise ratio from -94:1 to 24:1 corresponds to a n.o.e. of -4.9, and the experiment represents an alternative, although slightly less accurate method, for measurement of the n.o.e. The presence of the CrAcAc reagent did not cause any shift of the 15 N resonance.
[crAcAc] Table 1 with the 15 N shifts of other blocked amino sugar derivatives, includiny 2-acetamido-1,3,4,6-tetra-0-acetyl-2-deoxy-a-D-gl ucopyranose. The nitrile 5 N resonance is at lower field than that of any other nitrogensubstituted carbohydrate measured in the present study.
N SPIN-LATTICE RELAXATION TIMES
Of the 15 N-enriched amino sugarderivatives discussed thus far, the Nphthaloyl derivatives might be expected to display the Iongest 15 N spinlattice relaxation times (Tl), since for these derivatives, it would be anticipated that dipolar relaxation of the 15 N nucleus would be less efficient than for derivatives in which this nucleus is directly bonded to one or more protons. From the practical point of view of recording n.m.r. spectra, it is important tobe aware of the likely range of T1 values, so that the performance of the spectrometer may be optimized. ~uch optimization is particularly important for studies of less sensitive nuclei at low abundance. It would also be of interest to determine if 15 N T1's can be correlated with molecular structure. Accordingly, the 15 N T1's of 6-deoxy-1,2: 3,5-ai-0-isopropylidene-6-phthalimido-a-U-glucof uranose-6-15 N and 6-deoxy-1, 2:3,4-d1-0-isopropylidene-6-phthalimido-a-U-gala ctopyranose-o-15 N have been measured oy the inversion-recovery Fourier-transform method T28)~ which is thought (29) to be one of the more accurate methods available. The method is illustrated by the stacked plots shown in Fig. 2 , in which may be seen the recovery of the 15 N magne~ization that has occurred during each of a series of delay times t, following inversion of the magnetization vector by a 180° pulse. In this-particular example, the free induction decay (f.i. ~-- to be proportional to viscos1ty. Thus increased viscosity of the solution increases the correlation time and thereby-decreases the dipolar contribution to !1.
Removal of paramagnetic' oxygen from the solutions of the phthalimido derivatives by saturation with nitrogen had little or no effect on their 15 N !1 values (see Table 2 ). These results indicate that correlation of the !1 values with molecular structure requires careful definition of solution concentrations. The rather lang T1 values (20-71 sec) observed for the phthalimido derivatives suggest tnat the dipolar contributions to relaxation from protonsnot bonded to the 15 N nucleus are relatively inefficient, as may be predicted from the theoretical dependence of these contributions on the sixth pow~r of the nitrogeh-proton internuclear distances.
The advantages of using highly enriched 15 N-labeled amino sugarderivatives for sturlies of 15 N magnetic resonance parameters may be summarized as follows: (a) the pulse parameters of the spectrometer may be optimized rapidly, (b) proton-coupled 15 N spectra may be obtained rapidly without using gated irradiation techniques, (c) quantitative measurements of. the n.o.e. may be performed rapidly and accurately because of the excellent signal:noise ratio of the 15 N spectra of_enriched derivatives, (d) proton-15 N couvling constants may be measured readily from the proton n.m.r. spectra and 13 C-5 N coupling constants from the 13 C n.m.r. spectra of the 15 N-enriched derivatives 'the alternative method of measurin § these coupling constants from the 1 N satellites in the proton and 1 · C spectra of non-enriched derivatives is difficult because of the low intensity of the satellite signals due to 15 N at natural abundance), and (e) measurements of T1 by the inversion-recovery method may be performed within a reasonable perTod of time (<24 hr), even for !1 values as long as 70 sec.
In its simple form, this method requires a waiting period (T, see Fig. 2 ) of 3-5 times I1 between each pulse sequence to permit re-equilibration of the magnetization (29). With 15 N at natu,ral abundance in the amino sugars, it is expected that the existing sensitivity of our spectrometer would require inordinately long data acquisition times for measurements of T1, because of the necessity of performing extensive signal averaging for eaCh of 10-20 delay times t. Same savings in time are possible by use of other methods (29) for measurement of I1·
In many cases, the synthesis of 15 N-labeled amino sugar derivatives is tedious, and is less applicable to b1ological problems unless organisms are grown on enriched substrates. Therefore, the development of more routine methods for recording the n.m.r. spectra of 15 N in natural abundance was of great interest. Natural abundance 15 N n.m.r. 1 spectra (usually with proton decoupling) have been obtained from a variety of nitrogenaus carbohydrates. Hydrochlorides of the 2-amino-2-deoxy derivatives of ll-glucose, ll-mannose, and ll-galactose, and the corresponding ti-acetyl derivatives have been studied as äpproximately 1.4M solutions in 9:1 water:methyl sulfoxide-d 6 , with field-frequency stabilization on the deuterium signal of the methyl sulfoxide-ds. The use of deuterium oxide as so1vent was avoided because of the likelihood that exchange of the NH protons of the amino sugars for deuterons would remove any n.o.e. resulting from irradiation at the pr0 ton frequency, and also because dipolar relaxation of the 15 N nucleus by directly attached deuterons would be expected to be much less effective than that due to directly bonded protons. Measurement of the 15 N n.m.r. spectra of aqueous solutions of single anomers of the aminosugarswas quite difficult because the rates of.mutarotation were generally greater than the rate of data acquisition. Fully mutarotated, aqueous solutions of the amino sugars each displayed two 15 N resonances of unequal intensities (see Fig. 3a , for example) which are assumed to represent pyranose anomers.
Quantitative analysis Anomeric equilibria in derivatives of amino sugars have been studied previously (36,37), by proton n.m.r. spectroscopy at 60 MHz. The 15 N signals of the anomers have in most cases been assigned initially by comparison of the 15 N intensities with the proton integrals obtained previously, which were supported by calculat.ions of anomeric proportians based on optical rotatory data (37). 13 C n.m.r. data have been reported for.2-amino-2-deoxyll-glucose hydrochloride (38,39), 2-amino-2-deoxy-ll-mannose hydrochloride · T39), and for the 2-acetamido-2-deoxy derivatives-of ~-glucose, D-mannose, and ll-galactose (40), in connection with structural studies of tfie polysaccfiaride antigens of Neisseria Meningitidis. Estimates of the dominant anomers in equilibria of the acetamido sugars from their 13 C resonances were stated (40) to be in qualitat1ve agreement with the proton results reported earlier (37). Fig. 3 Proton decoupled, natural abundance 15 N n.m.r. spectra at 9.12 MHz of equilibrated solutions in 9:1 v/v water: methyl sulfoxide-d&, (a) 2-amino-2-deoxy-~-glucose hydrochloride, and (b)-2-amino-2-deoxy-);1-mannose hydrochloride.
2-Amino-2-deoxy-D-hexose hydrochlorides. The natural abundance 15 N n.m.r. spectra of the mutarotated 2-amino-2-deoxy hydrochloride derivatives of Dglucose, ~-mannose, and ~-galactose are shown in Fig. 3a, 3b , and 4c, -respectively. The 15 N cfiemical shift difference between the anomers of 2-amino-2-deoxy-D-mannose hydrochloride was found to be considerably greater than that of tfie anomers of the );1-glacß ot );1-ga1acto an~logs. The assignments of the 15 N signals of the a an anomers of 2-am1no-2-deoxy-~-glucose hydrochloride shown in Fig. 3a were confirmed by comparison-of a spectrum of principally the a-anomer obtained from a solution of crystalline 2-amino-2-deoxy-a-D-glucose hydrochloride in methyl sulfoxide-d& with the spectrum of a simiiar solution of mixed anomers that was prepared by equilibration of the hydrochloride in water, freez~-drying of the solution, and dissolution. of the dried residue in methyl sulfoxide-d&. The 15 N spectra of mutarotated solutions of 2-amino-2-deoxy-);1-glucose hydrochloride and its D-~alacto epimer are so similar (see Fig. 3a and 4c ) that it seems probable-t at the anomeric assignments are the same, that is, that the stronger resonance at lower field should in each case be assigned to the a-anomer. However; the proton data reported earlier (37) had indicated an a:ß ratio of 63:37 for mutarotated 2-amino-2-deoxy-~-glucose hydrochloride, but an a:ß ratio of 47:53 for the D-galacto epimer. The predominance of ß-anomer in solutions of the n-salacto epimer appeared (37) to be supported by calculations of an a:ß rät1o of 46.4:53.6 from the specific rotations +121° and +44.5° of the crystalline a and ß anomers, and their equilibrated mixture Fig. 4 Comparison of 1 H, 13 C, and 1 sN n.m.r. spectra of equilibrated solutions of 2-amino-2-deoxy-~-galactose hydrochloride (the 13 C and 1 sN n.m.r. spectra were recorded with proton decoupling at 90 MHz).
1161 OD (+80°). Wehave reinvestigated the proton n.m.r. spectroscopy of equilibrated solutions of 2-amino-2-deoxy-~-galactose hydrochloride at 60 MHz (continuous wave mode) and at 220-MHz (continuous wave and Fourier transform modes), and the results indicate a predominance of the cx-anomer over the temperature range 17-70°. The proton n.m.r. studies published previously (37) were conducted at 70° so as to displace the HOD resonance to higher field than at ambient temperature. This resonance is an analytical interference in quantitative analysis of the amino sugar anomers, and because the resonance is often broad, the intensity in its base may still make some contribution to the proton integral of 2-amino-2-deoxy~cx-~-galactopyranose hydrochloride, even at 70°, Wehave attempted to minimize this interference by freeze-drying the salt twice with 99.8% deuterium oxide, once with 100% deuterium oxide, followed by preparation of the analytical solution from the latter solvent. The integrals of the H-lcx and H-lß proton signals of 2-amino-2-deoxy-~-galactopyranose hydrochloride in 100% deuterium oxide at 60 MHz and 70° clearly indicate a preponderance of the cx-pyranose anomer (see Fig. 4a ). The peak heights of the H-lcx and H-lß doublets are quite misleading, as the H-lß doublet (which displays excellent ringing) is inherently a much sharper signal than that of H-lcx. The broadness of the latter signal (H-le) persists at 220 MHz (see Fig. 5 ), which tends to suggest that thß broadening is not due to virtual coupling produced by strong coupling of aContinuous wave bPulse-Fourier transform H-2 and H-3,but to an unresolved iong-range coupling, possibly of H-le with H-4e. The ratios of pyranose anomers measured at 17°, 30°, and 70° (see Table 3 ) are not significantly different. Neither are the ratios measured at 70° for solutions of the 2-amino-2-deoxy-Q-galactose hydrochloride in either 100% deuterium oxide or in 9:1 deuterium·oxide:methyl sulfoxide-ds. At 70°, the 220 MHzproton n.m.r. spectrum (Fig. 5 ) of this amino sugardisplayed two additional doublets of minor intensity at lowest field (spacings 5 and 2 Hz), that were assigned as the H-1 signals of cx ·and ß furanose forms. The minor doublet of smaller spacing (J1, 2 2Hz) was assigned as the H-1 signal of 1,2-trans 2-amino-2-deoxy-ß-Q-galactofuranose hydrochloride, on the basis that tnetf-1 signal of penta-ö-acetyl-ß~!)-galactofuranose in chloroform-d at 60 MHz appeared as a broad-singlet thät indicated a small value (<0.6~z) for the coupling constant J1,2·. A small. value of J1,2 (2.8 Hz) has been reported for trimethylsilyl 2,3,5,6-tetra-0-(triiiiethyl- The proportians of anomeric pyranose and furanose forms that were measured at 220 MHz are shown in Table 3 . The a-pyranose form predominates over the ß-pyranose form and the a-furanose form over the ß-furanose form. The continuous wave and Fourier transform modes at 220 MHz were found to give similar quantitative results (Table 3) . Comparison of the 220 MHz (Fig. 5 ) and 60 MHz (Fig. 4a ) spectra affords an excellent example of the much greater ease with which minor components of a mixture may be detected and measured at the high field strengths that are available in a superconducting solenoid.
The predominance of the a-pyranose anomer was confirmed by the 13 C n.m.r. spectrum (Fig. 4b) of an equilibrated solution of 2-amino-2-deoxy-~-galactose hydrochloride in 9:1 water·:methyl sulfoxide-d 6 obtained at 22.6 MHZ: and 30? Integration of the well separated 13 C-l signals in this spectrum yielded an a:ß ratio of 60:40 for pyranose forms, which may be compared with the ratio of 63:37 that was obtained by integration of the 15 N spectrum (Fig. 4c ) of this solution (see Table 3 ) .. The assignment of the 13 C-l resonance at lower field as that of the ß-anomer was confirmed by observation of the discrete spectrum of a solution of this crystalline anomer in methyl sulfoxide-ds. In this solvent, mutarotation is slow, and the spectrum obtained after signal averaging for one hour displayed only the six 13 C resonances of the ß-anomer. Mutarotation was then accelerated by the addition of 10% (by volume) of water, and the appearance and gradual increase in intensity of the six 13 C signals of the a-anomer were observed. ) were used with a 10 second delay between each pulse. Line-broadening (0.5 Hz) was applied to the spectrum by exponential filtering of the free induction decay signal. crhis work.
The assignment of the less intense 15 N resonance at higher field in the 15 N spectrum (Fig. 4c) of .2-amino-2-deoxy-D-galactose hydrochloride equilibrated in 9:1 water:methyl sulfoxide-ds as thät of the ß-anomer was confirmed by the observation of. a single 15 N resonance (having the same chemical shift) for a non-mutarotated. solution of the crystalline ß-anomer in methyl sulfoxide-ds. Thus the predominance of the a-pyranose anomer in equilibrated aqueous soll,l-:-tions of 2-amino-2-deoxy-~-galactose hydrochloride seems to be established.
Most literature values (42-47) for the specific rotations of these solutions fall in the range +92-98°, and if the proportians of pyranose anomers in the equilibrated solution are recalculated from the values (47) [a]n + 125° + +93° for the a-anomer, and [a]n + 44° + 93° for the ß-anomer, by neglecting the small proportians of furanose forms, then an a:ß ratio of 60:40 is obtained. This ratio agrees especially well with that found by integration of 13 C n.m.r. spectra (Table 3 ). The calculation of anomeric proportians from optical rotations is not unequivocally applicable unless both pyranose forms are known in the crystall ine state, and indeed, the general unavail_-ability of crystalline furanose forms of the amino sugars prohibits the quantitative analysis of these forms by polarimetry. It is possible that the previous authors were misled by a value of +80° for the optical rotation of equilibrated 2-amino-2-deoxy-D-galactose hydrochloride which appears to have been abstracted incorrectly (~8-50).
Integration of the 15 N spectra (Fig. 3 ) of 2-amino-2-deoxy-ll-glucose hydrochloride and its n-manno epimer gave anomeric proportians tfiat are in excellent agreement with-rnöSe determined (37) earlier by proton n.m.r. spectroscopy (see Table 4 ).
2-Acetamido-2-deox~-D-hexoses.
The 15 N n.m.r. spectra of equilibrated solutions of 2-acetami o-2-deoxy-D-glucose and of its y-galacto analog were found tobe very similar and each displayed two closely spaced resonances (Fig. 6) . The more intense resonance at lower field was assigned to the a-anomer in each case, in agreement with the predominance of a-anomer determined earlier by proton n.m.r. (37), and indicated by 13 C n.m.r. (40) . Good agreementwas obtained between the anomeric proportians measured by integration of the 15 N spectra and the 1 H spectra (37) of the equilibrated solutions (see Table 4 -
OH OH
The 15 N n.m.r. spectrum (see Fig. 7a ) of an equilibrated solution of 2-acetamido-2-deoxy-y-mannose displays two well separated resonances, and the more intense peak at lower field has been assigned to the a-anomer. This assignrnent was confirrned by observation of the rather rapid rnutarotation that occurred when crystalline 2-acetarnido-2-deoxy-ß-~-rnannose rnonohydrate was dissolved in rnethyl sulfoxide-d 6 • The 15 N spectrurn that was obtained by scanning frorn 1-32 hr after dissolution of the sugar still displayed a slight rnajority of the ß-anorner, but after seven weeks, integration of the spectrurn indicated an a:ß ratio of 91:9. Sirnilar results were obtained frorn a rnethyl sulfoxide-d& solution of the solid residue prepared by freeze-drying of an equilibrated solution of 2-acetarnido-2-deoxy-~-rnannose in water. Evidently the a-anorner is even rnore stable than the ß-anorner in rnethyl sulfoxide, than in water. Only fair agreernent was obtained between the a:ß ratio 57:43 . deterrnined for an equilibrated solution of 2-acetarnido~2-deoxy-~-rnannose in deuteriurn oxide by proton n.rn.r. (37) and the a:ß ratio of 63:37 rneasured by 15 N n.rn.r. spectroscopy of a solution of this derivative in 9:1 water:rnethyl sulfoxide-d 6 , perhaps owing to the sensitivity of this a:ß equilibriurn to solvent. -A proton-coupled 15 N spectrurn (see Fig. 7b ) was obtained for equilibrated 2-acetarnido-2-deoxy-~-rnannose by irradiation of the protons at 90 MHz during the periods between nata acquisitions. This gated irradiation technique (11) allows the acquisition of an 'undecoupled' spectrurn with the retention of rnost of the n.o.e. In this instance, the 15 N spectrurn consists of two overlapping doublets (Fig. 7b ) that indicate that the 15 N-H coupling constants of the a and ß anorners of 2-acetarnido-2-deoxy-~-rnannose are each equal to 93Hz.
This rnagnitude of 15 N-H coupling constant generally indicates an irnportant contribution frorn an sp 2 hybridized nitrogen atorn to the structure of the acetarnido group, although. in this work, no evidence has been adduced for. the existence of ·c·is and trans forrns about the arnide bond of acetarnidodeoxy sugars.
---15N c:b.ernical shifts
The 15 N chernical shifts of the arnino sugar hydrochlorides and their N-acetyl derivatives are surnrnarized in Table 5 . Mono-acylation of the nitrogen atorn causes a substantial downfield shift (~90 p.p.~.) of the 15 N resonance. This shift may be compared with that (~141 p.p.m.) produced by di-N-acylation in the form of N-phthaloylation of the 6-amino-6-deoxy-di-Q-isopropylidene derivatives Tsee Table 1 .).
Gorrelation of the 15 N chemical shifts (Table 5 ) of the anomeric and epimeric amino sugars with their 4 f_l on conformations (37) allows the following \ generalizations for the compounds studied: ' (a) An equatoriäi nitrogen nucleus resonates at lower fieid than a corresponding axial nitrogen nucleus (by 3.4-9.5 p.p.m. for hydrochloride~ and 3.7-9.7 p.p.m. for N-acetyl.derivatives).
(b) The nitrogen nucleus of a-anomers resonates at lower field than that of ß-anomers.
(e) The nitrogen chemical shift difference of anomers (see Table 5 ) is substantially greater (6.8-7.5 p.p.m.) when the nitrogen nucleus at C-2 is axial (~-manno configuration) than when the nitrogen nucleus is equatorial CU-gluso ana R-galacto configurations' diffe.rences in 1 5 N shifts of anomers' 0.8-1. p.p.m.). · (d) The effect of inversion of configuration at C-4 on the chemical shift of an equatorial nitrogen nucleus at c~2 is small (0.3-1.8 p.p.m.) and comparable with the effect (0.8-1.8 p.p.m.) of inversion at C-1.
Th~ occurrence of the 15 N resonance of an equatorial nitrogen nucleus at lower field than that of an axial nitrogen nucleus is reminiscent of the well known chemical shift difference shown by axial and equatorial protons (in the absence of s1f-axial substituents) which has often been interpreted in terms of angular e ects of the diamagnetic anisotropies of carbon-carbon, or carbon-oxygen bonds (51). Many of the earlier theoretical treatments (51,52) were derived on the assumption that the anisotropy of the C-H band is negligible, an assumption that has subsequently proved tobe invalid (53).
Most .theories of 15 N chemical shifts (2,54) have been concerned principally with explanation of the major differences within the !arge range (~900 p.p.m.) of nitrogen shifts, in terms of the diamagnetic and paramagnetic shielding contributions from the electrons associated with the nitrogen atoms in different structures. The shielding contributions from other electrons in the molecule have usually been considered to be unimportant, and the effects of shielding anisotropy, ring currents, and solvents have been ignored (2). It is clear, however, that interpretation of the stereochemical dependence of nitrogen shifts observed in the present work requires assessment of the shielding contribution of electrons and bonds other than those associated directly with the nitrogen atom. 
